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ABSTRACT
The electrowinning of zinc from a recirculating alkaline zincate solution at a flow-through porous electrode was
investigated. Experimental results were obtained to test the predictions of a mathematical model. The effects of electrolyte flow rate, cell current, and electrode thickness on the concentration-time relations and coulombic efficiency-time
relations were studied. The experimental results show that the highest recovery rate was obtained at both high flow rates
and cell currents. There is, however, a practical limit for increasing both the cell current and the electrolyte flow rate.
Reasonable agreement between the model predictions and experimental results was obtained. A case study is presented
to show how the model equations are used to predict the relationship between time, cell current, flow rate, and coulombs
passed which are required to recover 95% of the zinc content of the electrolyte.

Introduction
Recently the effects of charge-transfer kinetics and
ohmic and mass-transfer resistances on the electrowinning of nonnoble metals at flow-through porous electrodes
have been studied.1 ' 2 The main advantage of porous over
planar electrodes is that they provide a larger ratio of surface area to electrode volume. This leads to smaller cell
designs and less electrode material. The scale-up of porous
electrodes, however, is more complicated due to the threedimensional structure of the electrode. Mathematical models can aid in the design and operation of porous electrodes
in order to maximize the advantage of these high-surfacearea materials. The theory and operation of porous electrodes have been developed to sophisticated levels, including their use in the recovery of relatively noble metals such
as copper (see, for example, Ref. 3 and 4). These previous
studies of copper removal have demonstrated that large
single-pass conversions can be achieved when operated at
low flow rates.
Unfortunately, this low flow-rate regime can cause
operational problems during the electrowinning of a nonnoble metal due to simultaneous hydrogen evolution.
Therefore, a theoretical model was developed to predict
the effect of gas bubbles on the coulombic efficiency and
current distributions of the metal and the hydrogen evolution reactions under steady-state operating conditions,
assuming the electrolyte passes only once through the
porous electrode.' The predictions of the model were compared to the experimental results obtained for the electrowinning of zinc from alkaline zincate solutions over a
range of flow rates, cell currents, and electrode thicknesses.2 The results presented thus far"2 are valid for one pass
* Electrochemical Society Active Member.
a Permanent address: Department of Chemistry, Cairo University, Cairo, Egypt.

of electrolyte through the cell. For more efficient recovery,
the electrolyte is recirculated until its metal content is
substantially reduced. As a result of the gradual decrease
of the zincate concentration in the reservoir, the equilibrium potential, exchange current density, and mass-transfer
limiting current of the zincate reduction reaction change
continuously. In principle, similar changes also occur in
the hydrogen evolution reaction if the pH of the electrolyte
changes. A pH change would affect the current and potential distributions, the coulombic efficiency, and polarization behavior of the electrode over time.
The objective of this paper is to analyze the time effects
associated with zinc electrowinning within the framework
of the mathematical model presented previously' Because
the previous model was developed under steady-state conditions, it must be modified to allow for changes of the concentration-dependent parameters with time. Simulated
data of concentration and coulombic efficiency as a function of time are compared to the corresponding experimental results obtained on the electrowinning of zinc from
alkaline zincates at different electrolyte flow rates, cell
currents, and electrode thicknesses. The electrowinning of
zinc in an alkaline electrolyte was chosen as the model system due to the increased interest this system is receiving
owing to its lower energy consumption and increased productivity relative to a conventional acidic electrolyte. 7

Experimental
The flow system and cell arrangement were reported
previously2 The porous electrode was made of spherical
zinc particles (0.2 cm diam) of high purity (99.99%).
Table I shows the specifications of the electrodes used in
the present work. The counterelectrode was made of a
platinum screen, and the reference electrodes were
Hg/HgO/l M KOH. Current densities were calculated on
the basis of the geometrical cross-sectional area of the
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where K° is the bulk electrolyte conductivity. The gas void
fraction, €(x), is related to the hydrogen current by'

Table I. Specifications for the porous elecfrocles.°

Zinc
spheres

Galvanized

screens
_________________________________________________________
0.30
0.80
Porosity

Property

14.0 cm'

Specific surface area
Particle diameter

0.05 cm

'The zinc spheres were used in all experiments reported here.
The galvanized screens were used in a previous paper5 and their
specifications are used in the case study (see Fig. 7).

electrode. All experiments were performed galvanostatically using an EG&G potentiostat Model 273A. The electrolyte was recirculated from a 500 ml well-mixed reser-

voir using a variable speed pump. The flow rate was

measured using a calibrated float sphere-type flowmeter.
The concentration of zincate was measured by analyzing

of ZnO in 3.0 M KOH. Measurements were taken at

25 1°C.

Model Development
The simultaneous reactions involved in the electrowinning of zinc from an alkaline zincate solution are

Zn(OHt + 2e = Zn + 4 OH E° = —1.2 16 V (SHE) [1]
2H,O + 2e = H2 + 2 0H E° = —0.828 V (SHE) [2]
Both of these reactions lead to an increase in the alkali
concentration in the electrolyte. However, because the
KOH concentration used in this study is much greater
than that of zincate, the effect of pH changes on the kinetics or thermodynamics of these reactions can be neglected.

For example, complete electrowinning of zinc at high

coulombic efficiencies from 0.015 M Zn(OH) dissolved in

3.0 M KOH results in a hydroxyl ion concentration
increase of approximately 2%.
The detailed derivation of the model equations was reported in Part I of this study' The governing equations are
introduced below.

dx

Siozn[1

—

[9]

+

where if is a factor which converts the hydrogen current to
the volume of gas generated. Assuming ideal gas behavior,
u is given by'
RT
2 PF

[10]

where if equals 0.127 cm'/C for the hydrogen evolution
reaction at standard pressure and temperature.
At the edge of the porous electrode closest to the coun-

terelectrode (i.e., x = 0), Eq. 6 is replaced by the following
boundary condition which equates the solution current to
the applied cell current

samples from the electrolyte at various time intervals
using an atomic absorption spectrometer. The zincate

solutions were prepared by dissolving the desired weights

OiH(x)

if)

20.0 cm'

0.20 cm

.
dizn(x) = —azn(x)
______
=

=

E(X)

=0

=

[11]

At the far edge of the electrode (i.e., x = L), Eq. 6, and 7
are replaced by the following boundary conditions which
indicate that the individual and total solution currents are
zero at this point

X = LiH = 0 dnzn(x) = 0
dx

[12]

Equations 3 to 12 control the behavior of the system
under steady-state conditions (i.e., with constant values of
the parameters). In the present work, the concentration of
zincate ions in the reservoir decreases gradually with time.
These changes affect the concentration-dependent parameters (i.e., the equilibrium potential, and exchange- and

limiting-current densities of the zincate reduction reaction). Assuming that the reservoir volume is large com-

pared to the volume of the porous electrode, the following
equation (Eq. 13) relates the rate of decrease of the zincate
concentration in the reservoir to the zinc solution current
evaluated at x = 0, znIx..,

dCz
dt

—

A.

[13]

Integration of Eq. 13 yields

exp [2iizn(x) b]]
[3]

exp [131h (x)/b] + zn

Ca,, = Cznrei —

L,Zn

See the symbols section for a list of variable definitions,

For the hydrogen evolution reaction, the relationship
between the hydrogen solution current, iH(x), and the reaction current, j11(x), is given by
diH(x) =
_____
j(x) = —Si, H exp [—ui11(x)/b]
dx

[4]

The overpotential operating on the individual reactions
are related through the difference between their equilibrium potentials, i.e.

1H(x) = TJz,,(x) + AE

[5]

where LIE = Ez, — F,,. The total solution current is the

algebraic sum of the two individual solution currents, i.e.
i(x) = iz,,(x) + i,,(x)

dispersion filling the pore space. Thus

tionship between these parameters and the zincate
concentration is given by

¼zn = 12F1m*'zn

to,Zn

—
— .

(c

[15]
[16]

Czn,re9

L'z, = —1.315 — 0.04 73 log M[KOH]

+ 0.0277 log M[K,Zn(OH)4] [17]

i(x) = ic(x) dizn(x)

dx

ic(x) = k°[0 — e(x)]312

[14]

where
is the reference (i.e., initial) bulk concentration of zincate. Note that iznIx_, depends on the zincate
concentration, and the thermodynamic, kinetic, and masstransfer properties of the porous electrode. Therefore, the
time variation of the zincate concentration was obtained
by coupling Eq. 14 with Eq. 3 to 12. These coupled differential equations were solved using explicit time stepping
with accuracy of 0(M) and a finite difference algorithm
given by Newman9 with accuracy of O(Ax)'.
For the zinc reduction reaction, the local limiting current density the exchange current density, and the equilibrium potential change during the experiment. The rela-

[6]

Ohm's law governs the variation in the overpotential as
the solution current travels through the gas-electrolyte

jj iznI,(t)dt

[8]

The equilibrium potential for the hydrogen reaction is
assumed constant throughout the experiment and related
to the KOH concentration by the following expression
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= —0.828 — 0.0591 log M[KOH]

[181

0.4

Equations 17 and 18 apply at room temperature, and the
constants in Eq. 17 were obtained from Ref. 10. The symbols M[KOH] and M[K,Zn(OH)4} are the molarities of
hydroxide and zincate, respectively.
The local mass-transfer coefficient, km is given by the
following empirical correlation"
0.42

= 1.17
km

0.1

N

.4:

0.67

0.5
4.5

N.

—

. —.

[19]

[.2.)
=
The physical parameters used in the model are:
6.3 x 10-2 A cm2; 12 oH = 5.0 X 10' A cm2; 2 D = 1.6 x
10-6 cm2 s'; 13 v = 0.015 cm2/s; 14 ° = 0.04 fl' cm'; a =
Q008[X.J

".

0.3

LI

0.2

\

0.5; 16 and 3 = 1.0.12

Results and Discussion
Effect of electrolyte flow rate.—Figure 1 shows the effect

of the electrolyte flow rate on the concentration-time relations using a porous electrode of zinc spheres (see Table I
for its parameters). The experimental (symbols) and simulated (solid lines) results were obtained with a cell current
of 0.1 A cm2. The figure shows reasonable agreement with
the measured results throughout the run for all flow rates.
As the flow rate increases from 0.1 to 0.5 cm s, the recovery rate increases. The recovery rate is the slope of the concentration-time curve. However, upon further increase to
4.5 cm s', we observe no significant change in the recovery rate for the first 60 mm. At longer times (t > 60 mm),
the recovery rate becomes more sensitive to the electrolyte
flow rate.
The results in Fig. 1 were further analyzed by obtaining

the total zincate limiting current supported by the elec-

trolyte as a function of time. This is given by iLSL, where
L is the local zincate limiting current given by Eq. 15. The
concentrations used to calculate the total limiting current
at various times were taken from the experimental data of
Fig. 1. Figure 2 shows the variation of the total limiting

current with time at different flow rates. The figure

reveals the strong effect of flow rate on the total limiting
current. The rate of decrease of the limiting current with

time depends strongly on the flow rate up to about
1.0
0.9
0.8

20

100

120

minutes

Fig. 2. Total limiting current-time relations for zinc recovery at dif-

ferent electrolyte flow rates. (C = 0.015 M ZnO; L = 0.1 A
cm2; L = 2.1 cm.)

cm 1), the total
limiting current decreases very slowly with time. The
100 mm. At the lowest flow rate (Q = 0.1

results of Fig. 2 reflect the faster depletion rates of zincate

ions at the higher electrolyte flow rates seen in Fig. 1.
Figure 2 also helps explain why the current-time relationship given in Fig. 1 for Q = 0.5 and 4.5 cm s' are almost
identical early in the run. The cell current of 0.1 A cm2 is
below the limiting current for Q = 4.5 cm s' and near the
limiting current for Q = 0.5 cm s'. Therefore, almost all
the current goes into zinc reduction, making the removal

rate for the two flow rates nearly equal. Only when the
limiting current for Q = 0.5 cm s' drops significantly
below the cell current does the removal rate at 0.5 cm s'
start to lag behind that of the higher flow rate (4.5 cm s').
The effect of limiting current on the concentration-time
curves is further investigated by analyzing the effect of
flow rate on the coulombic efficiency-time relations over
the duration of an experiment. These results are shown in
Fig. 3. Values of the experimental coulombic efficiency
were determined by taking the concentration difference
between two successive time intervals to obtain dC11/dt,

0.6

= iz*_0

The theoretical values of the total coulombic efficiency
were obtained by substituting the calculated values of

0.4

iL=o into Eq.

0

20.

Figure 3 shows that the high flow rates of 0.5 and 4.5 cm

0.3

s' maintain high coulombic efficiencies (>95%) up to
about 40 and 80 mm, respectively. During these times the
limiting current is either greater (for Q = 4.5 cm s') or not
much lower (for Q = 0.5 cm -1) than the cell current. In
contrast, the coulombic efficiency supported by the low
flow rate (Q = 0.1 cm s') during this period decreases

0.2

0.1
0.0
0.0

[20]

tceil

0

b

80

60
time,

0.5
LI

40

and using the following relausing Eq. 13 to obtain
tionship to get the total coulombic efficiency,

0.7

,

________________________________________
0

20.0

40.0

60.0

80.0 100.0 120.0 140.0

tune, minutes

Fig. 1. Concentration-time relations for zinc recovery at different
electrolyte flow rates. Solid lines ore the model predictions and the

symbols are the experimental data. (Cu,,, = 0.015 M ZnO; L =
0.1 A cm2; L = 2.1 cm.)

gradually with time from about 70% at t = 0 down to
about 50% at t = 70 mm. Again, the dependency of the
coulombic efficiency-time curves on the flow rate is relat-

ed to the dependency of the zinc limiting current on the
flow rate (see Fig. 2). At t < 80 mm, for Q = 4.5 cm

s the

total limiting current is higher than the cell current. At
longer times (t > 80 mm), the estimated limiting current
decreases below the measured cell current. Consequently,
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at t> 80 mm the hydrogen reaction begins to contribute
to the measured cell current and hence lower coulombic
efficiencies are progressively obtained. At the flow rate
of 0.5 cm s', the coulombic efficiency does not change
much with time because of the constancy of the limiting
current.
Figure 3 shows also that as the flow rate increases, the

coulombic efficiency increases at times <110 mm but
decreases at times >110 mm. This is again related to the
observation in Fig. 2 that the limiting current increases
with flow rate for times less than 110 mm, but decreases
with flow rate at times greater than 110 mm. The model
predictions shown in Fig. 3 (solid lines) show satisfactory
agreement with the experimental results (symbols).
Effect of cell current—Figure 4 shows the effect of the
cell current, cel1 on the concentration-time relations at an

electrolyte flow rate of 1.0 cm s'. As the cell current
increases from 0.1 and 0.2 A cm2, the rate of zinc recovery

increases. However, further increase in current to 0.45 A
cm2 does not increase the recovery rate significantly. It

was shown previously' that at low cell currents the

1,0

0.8

j
0.6

I

0.4

C
C
C

o 0.2

coulombic efficiency is close to 100%. Therefore, increas-

ing the cell current increases the zinc current and hence
increases the recovery rate. However, as the cell current is
increased beyond the total zinc limiting current, increases
in cell current go into hydrogen production rather than

0.0
0.0

zinc reduction. This effect explains why the increase in cell

ous work.1'2

The results of Fig. 4 were used to calculate the effect of
the cell current on the coulombic efficiency-time relations
at a flow rate of 1.0 cm s' (see Fig. 5). Due to mass-transfer limitations, the coulombic efficiency decreases with
time in a mode dependent on cell current. Thus for a cell
current of 0.1 A cm2, the coulombic efficiency remains

close to 95% for about 160 mm. As the cell current
increases to 0.2 A cm2, the coulombic efficiency decreases

below 95% after only 40 mm and decays exponentially

with time until it reaches approximately 15% after

60.0

90.0

120.0

150.0

180.0

time. minutes

current from 0.2 to 0.45 A cm2 has little effect on the
recovery rate. Additional information regarding the effect
of cell current on recovery rate can be found in the previ-

U

30.0

Fig. 4. Concentration-time relations for zinc recovery at different
cell currents. Solid lines are the model predictions and the symbols
are the experimental data. (Cm,,,f = 0.030 M ZnO; Q = 1.0cm 5";
L = 2.1 cm.)

160 mm. At a greater cell current of 0.45 A cm2, the effect
is even more pronounced. That is, the coulombic efficiency is <70% at the very start of the electrolysis (t = 0) and

decays exponentially with time, reaching a value of less
than 5% after 160 mm.
Effect of electrode thickness.—Figure 6 shows the effect
of electrode thickness, L, on the concentration-time rela-

1.0
0.9

0.8
0.7

"p
1;
0.6
C)

"p

C
C

C

0.5

I
:i

U
0.2
0.1
0.0
0.0

40.0

80.0

120.0

160.0

time, minutes

Fig. 3. Coulombic efficiency-time relations for zinc recovery at
different electrolyte flow rates. Solid lines are the model predictions
and the symbols are the experimental data. (CTh,,d = 0.015 M ZnO;

= 0.1 A cm2; L = 2.1 cm.)

120.0

200.0

time, minutes

Fig. 5. Coulombic efficiency-time relations for zinc recovery at
different cell currents. Solid lines are the model predictions and the

symbols are the experimental data. (C = 0.030 M ZnO; Q =
1.0cm s'; L 2.1 cm.)
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U
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C
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C
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C
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0
0.2

0.0

0.0
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'
-

-
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6
0

8.0
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—.

I

I

I

I

.

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Cell Current., A cm2
0.0

0.0

30.0

80.0

90.0

120.0

150.0

160.0

time, minutes

Fig. 7. Time and coulombs passed vs. cell current for 95% recovery of zinc at different flow rates. All the results were obtained from
model calculations using the specifications given for the galvanized
screens given in Table I. (C00,d = 0.030 M ZnO; V = 500 cm3.)

Fig. 6. Concentration-time relations for zinc recovery at different
electrode thicknesses. Solid lines are the model predictions and the

at high currents, the front of the electrode may be at the

symbols are the experimental data (C2 = 0.015 M ZnO; 4,, =
0.2 A cm2; Q = 1.0cm s''.)

local limiting current even though the rest of the electrode
is not. The interactions between kinetic, ohmic, and mass-

transfer resistances that lead to a premature onset in

mass-transfer limitations are discussed in detail elsewhere.'
tions at Q = 1 cm s'' and i,, = 0.2 A cm'2. It is seen that

the electrode thickness has no significant effect on the

recovery rate over the first 60 mm of operation. According

to the model predictions,"2 the current is nonuniformly
distributed within the electrode such that the surface area
that is supporting the major part of the current is not significantly different between the two cases shown in Fig. 6.

At times greater than 60 mm, the low zincate concentration in the electrolyte results in a slight increase in recovery rate with electrode thickness.
Case stady.—These results reveal that the rate of electrowinning and the coulombic efficiency depend on the
electrolyte flow rate, cell current, electrode thickness, zincate concentration, and time. Ideally one wishes to achieve
fast electrowinning at a high coulombic efficiency. Higher
rates of electrowinning can be attained by using higher
cell currents and higher flow rates. However, the use of
higher cell currents can be detrimental to the coulombic
efficiency, while the maintenance of a high flow rate increases the cost of pumping. There is an interesting optimization problem which can be solved using the input
obtained from these equations. In view of this, a case study
is presented to show how the model equations are used to
predict the relationship between time, cell current, flow
rate, and coulombs passed which are required to recover
95% of the zinc content of a solution of 0.03 M zincate
(—2000 ppm) in 3 M KOH.

Figure 7 shows the effects of the cell current and elec-

trolyte flow rate on the time required and the charges

passed to recover 95% of zincate ions. At low cell currents
(i.e., below the limiting current for zincate reduction), the
recovery time decreases rapidly with current. At large cell
currents the recovery time is relatively insensitive to current because the cell is being operated under mass-transfer limitations. Increasing the cell current results only in
an increase in the rate of the undesired hydrogen evolution
reaction. The recommended operating current, therefore,

is a balance between maximizing the current efficiency
and minimizing the recovery time. It should be noted that
the recommended current may be much less than the total
limiting current. Due to nonuniform reaction distributions

From Fig. 7 the recommended operating currents are
approximately 0.15 and 0.4 A cm2 at Q = 0.1 and 0.5 cm
s' respectively. The corresponding recovery times are 6.0
and 1.25 h, respectively. As stated previously, increasing
the cell current beyond the recommended values obtained
from Fig. 7 will not significantly reduce the recovery time
for a given flow rate. However, since the limiting current
changes during the course of a run (see Fig. 2), a further
reduction in recovery time could be achieved by operating
at a variable cell current. A high cell current (larger than
the one recommend in Fig. 7) could be used early in the
process while the concentration and hence the limiting
current are high. As time progressed, the cell current could
be reduced so as to maintain a high coulombic efficiency.

Such a scheme was proposed recently for the efficient

reduction of nitrate in a flow-through porous electrode.17
Figure 7 reveals two significant features relating to the
flow rate. First, at a given cell current the time required to
remove 95% of the zinc decreases as the flow rate increases. This is attributed to an increase in the limiting current
and hence an increase in the coulombic efficiency. In other
words, the coulombs needed to recover a fixed amount of
zinc decrease with an increase in the flow rate. Therefore,
as the flow rate increases the recommended cell current

requires less time and less coulombs to electrowin the

same amount of zinc. The second feature from Fig. 7 is that
there is a practical limit for increasing the flow rate. Note

that the coulombs passed decrease nonlinearly with the

flow rate. For example, as the flow rate increases from 0.1
to 0.25 cm a" (a factor of 2.5 increase), the time required
to achieve 95% recovery decreases from 6 to 4 h (a 33%
decrease). However, to achieve a similar reduction in the

recovery time of 33% from 2 to 1.25 h requires another
fivefold increase in the flow rate, from 1.0 to 5.0 cm sfl'.
Because an increase in the flow rate is associated with an
increase in pumping costs, the cell current, cell voltage,
and flow rate must be examined simultaneously when performing a detailed cost and optimization analysis.
Conclusions
A mathematical model was developed to predict the

concentration-time relations and coulombic efficiency-
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time relations for zincate reduction at flow-through

porous electrodes. The bulk concentration was updated to

recalculate the physical parameters which change with
concentration (i.e., with time). High recovery rates were
predicted at both high flow rates and high cell currents.
Reasonable agreement between the model predictions and
experimental results was obtained. A case study was introduced to illustrate the relationship between time, cell

current, flow rate, and coulombs passed which are
required to recover 95% of the zinc content of the elec-

trolyte. The model could be used to perform a detailed cost

and optimization analysis by simultaneously examining
the cell current, cell voltage, and flow rate for a particular
cell design.
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LIST OF SYMBOLS
cross-sectional area of the porous electrode, cm2
RT/F, V
zincate concentration, mol/cm3

diameter of the sphere, cm
diffusion coefficient of the zincate ion, cm2 s
equilibrium potential, V
standard potential, V
difference in equilibrium potential between zinc and
hydrogen reaction, V
Faraday's constant, 96500 C eq1
solution current per cross-sectional area, A cm2
exchange current per reaction area, A cm2
applied cell current per cross-sectional area, A cm2
local zincate limiting current per reaction area,
A cm2
reaction current per unit volume, A cm3
local mass-transfer coefficient, cm s
electrode thickness, cm
pressure, atm
superficial electrolyte velocity, cm s
gas constant, 82.06 cm3 atm/mol K
specific surface area of the porous electrode, cm1
time, s

T
V

temperature, K

of the electrolyte, cm3
distance within the porous electrode, cm
Subscripts
ref reference (i.e., initial) condition

x

volume

H hydrogen
Zn zincate

x= 0 variable evaluated at the edge of the porous

electrode closest to the counterelectrode
Greek
a
transfer coefficient for the zinc reaction
transfer coefficient for the hydrogen reaction
13

1
0

gas void

fraction

overpotential
porosity

effective conductivity of the gas-electrolyte

K

K°

v

a

dispersion, 1Y1 cm'
conductivity of the bulk electrolyte, 11' cm'
kinematic viscosity, cm2 s
coulombic efficiency of the zinc reaction
RT/2PF, cm3 C1
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